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The amorphous alloys Gd60Co40xMnx (x¼ 0, 5, 10, 15) were prepared by melt spinning. The
Curie temperature, Tc, increases monotonously with Mn addition, ranging from 198K for x¼ 0 to
205K for x¼ 15, while the maximum values of DSM under the applied field change from 0 to 5T
are 7.7, 7.1, 6.2 and 5.4 Jkg1K1 for x¼ 0, 5, 10, and 15, respectively. All samples undergo a
second order ferri-paramagnetic phase transition. The critical behavior around the transition
temperature is investigated in detail, using both the standard Kouvel-Fisher procedure as well
as the study of the field dependence of the magnetocaloric effect. Results indicate that the
obtained critical exponents are reliable, and that the present alloys exhibit local magnetic
interaction.VC 2012 American Institute of Physics. [doi:10.1063/1.3673860]
The magnetic materials with large magnetocaloric effect
(MCE) have attracted considerable attention for magnetic re-
frigeration applications. In recent years, MCE has been found
in various intermetallic alloys, such as Gd5Si2Ge2,
1
La(Fe,Si)13,
2,3 MnAs1xSbx,
4 MnFeP1xSix,
5 Ni-Mn-In,6 and
amorphous alloys Fe882xCoxNixZr7B4Cu1.
7 However, a mate-
rial with a large DSm does not necessarily have a large refriger-
ation efficiency. The refrigerant capacity (RC) can provide an
estimate of the performance of a magnetocaloric material.8
Recently, Gd based soft magnetic amorphous alloys, a
type of second order phase transition (SOT) materials, have
been proposed as the promising candidates for magnetic refrig-
erant. Owing to the amorphous nature, they exhibit some spe-
cial advantages such as the negligible magnetic hysteresis loss,
higher electrical resistivity, tunable Curie temperature Tc, high
corrosion resistance, and large refrigerant capacity. Zhong
et al.9 found that amorphous Gd68xNi32þx have large refriger-
ant capacity (RC) and the maximum RC value is 724 Jkg1
with DH¼ 5T. For Gd71Co29 amorphous alloys,10 the magnetic
entropy changes DSM under a magnetic field of 10 kOe is
3.1 Jkg1 K1. Fu et al.11 investigated the magnetic bulk me-
tallic glass Gd52.5Co16.5Al31, which has Tc of 95K and DSmax
of 9.8 Jkg1 K1 under a field change of 5T.
In this work, the effects of Mn on magnetic and magneto-
caloric properties of Gd60Co40xMnx alloys are investigated.
To investigate the nature of the ferrimagnetic (FM) to paramag-
netic (PM) phase transition, we also performed a critical expo-
nent study using the isothermal magnetization data around Tc.
The Gd60Co40xMnx (x¼ 0, 5, 10, 15) alloy buttons
were prepared by arc-melting a mixture of pure Gd
(99.95wt%), Co (99.9wt%) and Mn (99.5wt%) in an argon
atmosphere. To ensure composition homogeneity, the ingots
were repeatedly melted at least four times. The crashed
pieces of ingot were then melt-spun into ribbons (with a
thickness of about 20–30 lm and a width of 3mm) on a cop-
per wheel with a speed of 50m/s using a single-roller melt-
spinner in an argon atmosphere. The microstructure of the
alloys was characterized by a Philips X’pert Pro MPD X dif-
fractometer, using a monochromatized X-ray beam with
nickel filtered Cu Ka radiation (1.54056 A˚). The temperature
and magnetic field dependences of magnetization were
measured by a Physical Properties Measurement System
(PPMS-9, Quantum Design Co.).
For the X-ray diffraction patterns of all ribbon samples
(not shown here), only one broad peak appears between 2h
of 30 and 40 degrees in all alloys, and no obvious diffraction
peaks corresponding to crystalline phase are observed, indi-
cating an amorphous structure in the Gd60Co40xMnx ternary
alloys. For x¼ 0, there is a small peak near 2h¼ 28, indicat-
ing that it may be caused by some nanocrystal Gd.
Figure 1 presents the magnetization as a function of tem-
perature for Gd60Co40xMnx amorphous alloys from 5 to 300K
under an applied field of 500Oe. With the increase of tem-
perature, the magnetization decreases, resulting from the
magnetic transition from FM ordered state to PM ordered
state. The Curie temperatures, Tc, determined as the tempera-
ture at the maximum of jdM/dTj versus T plot shown in the
insert, are 198K, 202K, 204K and 205K for x¼ 0, x¼ 5,
x¼ 10 and x¼ 15, respectively.
The magnetocaloric effects of the series of alloys was cal-
culated in terms of isothermal magnetic entropy change using
Maxwell’s equation. Figure 2 shows the temperature depend-
ency of DSM under the applied magnetic field changes of 2T
and 5T. The peak values of DSM are found to be 7.7, 7.1, 6.2
and 5.4 Jkg1K1 for x¼ 0, 5, 10, and 15 respectively. These
values are comparable to or even higher than those of
Gd65Fe20Al8B7 amorphous alloy (5.21 Jkg1K1 at 5T)12 and
Gd60Al10Mn30 nanocomposite (3.3 Jkg1K1 at 5T).13
The Arrott plots of the Gd60Co40xMnx (x¼ 5) amorphous
ribbons are displayed in Fig. 3. The isothermal magnetization
M-H curves are presented in the inset. A typical ferrimagnetic
a)Authors to whom correspondence should be addressed. Electronic
addresses: zwliu@scut.edu.cn and medczeng@scut.edu.cn.
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transition is evident in the vicinity of Tc. From Fig. 3, no inflec-
tion or negative slope is observed as an indication that FM –
PM transition is of second-order.12,14 Similar behavior has also
been found for the whole series of alloys studied in this work.
The second-order transition from FM to PM near the
Curie point is characterized by a set of critical exponents: b
(associated with the spontaneous magnetization), c (relevant
to the initial susceptibility), and d (associated with the criti-
cal magnetization isotherm). They are defined as:15
Msð0; TÞ ¼ m0 tj jb; t  0 (1)
v10 ð0; TÞ ¼ h0m0 tj j
c; t  0 (2)
H ¼ DMd; t ¼ 0 (3)
where t is the reduced temperature (t¼T/Tc  1), and m0, h0
and D are the critical amplitudes. Ms(0, T) is the spontaneous
magnetization at different temperatures; v10 is the inverse of
the susceptibility. Although the different critical exponents
can be determined independently from experimental meas-
urements, they are related to each other, which is taken in
most cases to be of the form bþ c¼bd. In order to properly
determine the Tc, as well as the critical exponents b, c, and d,
several methods can be used, including modified Arrott plots
technique (MAPs), Kouvel–Fisher (KF) method and Widom
scaling relation.16 More recently, it has been shown that the
field dependence of the magnetocaloric effect can be used to
determine the critical exponents of materials.17,18
For the Kouvel–Fisher method, two additional magni-
tudes are defined as:
YðTÞ ¼ Ms
@Ms
@T
1
¼  T  Tc
b
(4)
XðTÞ ¼ v1
@v1
@T
1
¼ T  Tc
c
(5)
By plotting Y(T) and X(T) as a function of temperature,
one should get straight lines around Tc with the slopes of
1/b and 1/c, respectively, and the intercepts on the temper-
ature axes are equal to Tc.
The exponents obtained from KF method are as follows:
b¼ 0.311, c¼ 1.306 with Tc¼ 203.9K. All these critical expo-
nents derived from various methods, including the KF method
and scaling of the magnetocaloric effect, are given in Table I
along with the theoretically predicted values for different mod-
els, such as Mean-field theory, three-dimensional (3D) Heisen-
berg theory and three-dimensional (3D) Ising theory. It should
be noted that the 3D Heisenberg model or 3D Ising model is
based on the short-range magnetic coupling, and mean-field
theory is based on the long-range magnetic coupling. The mag-
netic interactions in the present alloys exhibit local magnetic
interactions. It is clear from Table I that, with increasing Mn
contents, the values of critical exponent b and c increase contin-
uously. Physically, b describes how the ordered moment grows
below Tc while c describes the divergence of the magnetic sus-
ceptibility at Tc. The smaller the value of b, the faster the growth
of the ordered moment. The b value increases with increasing
Mn contents, reflecting a slower growth of the ordered moment
with decreasing temperature. This tendency is in agreement
with magnetization intensity below Tc, which decreases with
increasing Mn contents, as shown in the Fig. 1. Also, the
FIG. 1. (Color online) Temperature dependences of magnetization for
Gd60Co40xMnx amorphous alloys under an applied field of 500Oe.
FIG. 2. (Color online) Magnetic entropy changes in the Gd60Co40xMnx
amorphous ribbons under the magnetic field changes of 2 T and 5T.
FIG. 3. (Color online) The Arrott plots of Gd60Co40xMnx (x¼ 5) amor-
phous alloy. The insert is isothermal magnetization curves as a function of
magnetic field.
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change in the values of critical exponents is due to the forma-
tion of finite magnetic clusters in the infinite ferromagnetic
network.19
In terms of renormalized magnetization m ¼ M
tj jb and
renormalized field h ¼ H
tj jbþd, the scaling equation of state can
be written as:
m ¼ f6ðhÞ (6)
Equation (6) implies that for the true scaling relations and
the right choice of b, c, and d values, scaled m plotted as a
function of scaled h will fall on two universal curves: one above
Tc and another below Tc. In order to check if these critical expo-
nents can generate the scaling equation of state Eq. (6) for
Gd60Co40xMnx, the scaled m versus scaled h is plotted in Fig.
4 taking critical exponents from Table I. It is rather significant
that all the data collapse into two separate branches: one below
Tc and another above Tc. This clearly indicates that the obtained
critical exponents are reliable, and the interactions get properly
renormalized in critical regime following scaling equation of
state. Similar behavior has also been found for the whole series
of alloys studied in this work.
The Curie temperature of amorphous Gd60Co40xMnx
(x¼ 0, 5, 10, 15) alloys can be tuned from 198K to 205K
with increasing Mn content. The maximum values of DSM
are 7.7, 7.1, 6.2 and 5.4 Jkg1K1 for Gd60Co40xMnx with
x¼ 0, 5, 10, and 15, respectively, under the applied field
change from 0 to 5 T. The Gd60Co40xMnx amorphous alloys
exhibit second order magnetic phase transition from FM to
PM state. The values of critical exponents for describing the
FM to PM second order transition are extracted using KF
method and field dependence of MCE. The critical exponent
values obtained for all samples are comparable to the values
predicted by the 3D Ising model, and have also been verified
by the scaling equation of state.
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TABLE I. The values of the exponents b, c, and d as determined from
KouvelFisher method for Gd60Co40xMnx. The theoretically predicted val-
ues of exponents for various universal classes are also given for the sake of
comparison.
Composition b c d Reference
x¼ 0 0.309[0.308] 1.252[1.417] 5.051a[5.601] This work
x¼ 5 0.311[0.315] 1.306[1.733] 5.120a[6.502] This work
x¼ 10 0.322[0.328] 1.362[1.872] 5.229a[6.707] This work
x¼ 15 0.326[0.329] 1.580[1.954] 5.846a[6.940] This work
Mean-field theory 0.5 1.0 3.0 20–22
3D Heisenberg
theory
0.365 1.336 4.8 20–22
3D Ising theory 0.325 1.24 4.82 20–22
aThe values calculated using the relation b þ c ¼ bd. Values without brack-
ets are calculated using the Kouvel-Fisher method; square brackets indicate
that the calculation is done using the scaling of the magnetocaloric effect.
FIG. 4. (Color online) The scaled m are plotted as a function of scaled h for
Gd60Co40xMnx (x¼ 10) alloy. The plot shows all the data collapse into two
distinct branches: one below Tc and another above Tc. Inset shows the same
plot on loglog scale.
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